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| INTRODUC TI ON
Giardia duodenalis is a globally distributed intestinal parasite of many vertebrates, including humans, domestic and wild animals (Feng & Xiao, 2011) . Transmission most often takes place via ingestion of cyst-contaminated water or food (Cotton, Beatty, & Buret, 2011) . The clinical course of giardiasis can be asymptomatic, or, in case of symptoms, intermittent, continuous, acute or chronic (Robertson, Hanevik, Escobedo, Morch, & Langeland, 2010) . Intestinal symptoms may be mild to severe, but long-term complications of the gastrointestinal tract and other organs have also been reported (Halliez & Buret, 2013 ).
Giardia duodenalis is described as a species complex comprised of eight different genetic assemblages (A-H) based on genetic analysis of a few genetic markers (Feng & Xiao, 2011; Ryan & Caccio, 2013) .
Assemblages A and B are known to be pathogenic to humans and are considered to have a zoonotic potential as they are also detected in the faeces of other mammals (Feng & Xiao, 2011; Ryan & Caccio, 2013) . Other assemblages are considered to be mainly host specific, including assemblages C and D in dogs and assemblage F in cats.
The latter are only sporadically found in humans (Feng & Xiao, 2011; Sprong, Caccio, & Giessen, 2009 ).
The annual incidence of human giardiasis in Germany averages
approximately 4-5 cases per 100,000 inhabitants. In larger cities, the incidences are reported to be higher with up to 12 cases per 100,000 inhabitants in Berlin (Koch-Institut, 2016) . Depending on the study, the prevalence of the canine and feline population in Germany was reported with 1%-30% (Barutzki & Schaper, 2011; Becker, Rohen, Epe, & Schnieder, 2012; Cirak & Bauer, 2004; Epe, Coati, & Schnieder, 2004; Epe, Rehkter, Schnieder, Lorentzen, & Kreienbrock, 2010; Heusinger, 2010 ).
Previous studies analysed the possible zoonotic risk of G. duodenalis with controversial results stating a zoonotic risk as present or not apparent (reviewed in Feng & Xiao, 2011 , Ryan & Caccio, 2013 . Only few studies in developed countries examined the zoonotic potential of pet animals to transmit Giardia infections. In one Italian study, zoonotic transmission between children and dogs was proposed as identical human-pathogenic sequence types were found (Marangi, Berrilli, Otranto, & Giangaspero, 2010) . Another Italian study confirmed the possible zoonotic potential for small animals, but without analysing the faeces of animals and humans living in the same household (Lalle et al., 2005) . In contrast to these findings, a study, conducted in Northern Spain, concluded no zoonotic risk of humans whose animals are infected with Giardia . Other non-European investigations seem to confirm this observation (Berrilli et al., 2012; Traub et al., 2004; Volotaoet al., 2007 Volotaoet al., , 2011 .
It is important to note that cohabitation of humans and animals was not standardized across studies, and most of these studies occurred in developing countries (reviewed in Feng & Xiao, 2011; Ryan & Caccio, 2013) . As the prevalence of giardiasis in more developed countries is generally lower (range, 0.4%-7.5%) than in developing countries (range, 8%-30%) (Ryan & Caccio, 2013) , this may be important for the interpretation of such data. Related factors may be overcrowding and low standards of sanitation leading to possible zoonotic transmission by cohabiting dogs or vice versa (Marangi et al., 2010) . Overall, only few studies have been conducted in Europe, which analysed faeces of humans and animals living in cohabitation, and therefore, the potential risk by zoonotic transmission cannot be correctly estimated (Marangi et al., 2010) . Therefore, it was the purpose of this study to perform a cross-sectional pilot study to investigate the occurrence of G. duodenalis assemblages in humans and animals in households with dogs and cats in Berlin/Brandenburg (Germany).
| MATERIAL S AND ME THODS

| Study design
We performed a prospective, cross-sectional pilot study at the Small Owners who presented their dogs and cats at the Small Animal Clinic were asked for their willingness to participate in the study.
Human and animal samples and data (for humans and animals: age, gender, residency, gastrointestinal sign; only for animals: outdoor access) were included after signing an informed consent of each participating person. Inclusion criteria were the following: at least one human had to live with at least one dog or cat in the same household, and at least one human and one animal faecal sample of each household had to be provided. Therefore, a household paring was defined as samples of humans and animals living in a common household.
After analyses, each human sample was compared to the results of their companion animal.
| Parasite detection and cyst quantification
For Giardia detection in animal samples, the ProSpecT Giardia EZ microplate assay (Thermo Scientific) was used. Subsequent analysis of Giardia-positive animal samples comprised Giardia-specific realtime PCR (qPCR) to assess the relative abundance of Giardia DNA, cyst quantification by immunofluorescence (IF) microscopy to assess parasite load and multilocus sequence typing (MLST) to determine the genotypes (see methods below).
Impacts
• Risk of zoonotic transmission of the gastrointestinal protozoan parasite Giardia duodenalis is currently unclear.
• Small animals likely play only a minor role in G. duodenalis transmission cycle.
• Better and standardized typing tools to distinguish G. duodenalis isolates with higher resolution are needed.
Giardia content in human samples was examined by immunofluorescence assay (IFA; MERIFLUOR ® , Cryptosporidium/Giardia, Meridian Bioscience) and by a Giardia-specific qPCR (see below).
The latter has been performed because of the expected higher assay sensitivity compared to microscopy. Subsequently, MLST was performed to determine the genotypes in the human samples. Giardia screening of animal and human samples has been performed at different study sites and subsequent molecular analysis at one site.
To estimate the parasite load of the samples, Giardia cysts were quantified in faecal suspension in a Neubauer counting chamber by immunofluorescence microscopy after labelling of cysts (Giard-a-Glo antibody (Waterborne)) with a detection limit of 2.5 × 10 4 cysts/g faeces.
| Molecular assays
DNA was extracted from faeces (~100-200 mg; stored at −20°C until analysis) using the QIAamp DNA Stool Mini Kit (Quiagen).
For MLST, samples were analysed regarding the following gene locations using Mango TaqTM DNA-polymerase (Bioline) kits according to standard procedures: triosephosphate isomerase (tpi (Sulaiman et al., 2003) , tpi-D (Lebbad et al., 2010) , tpi assemblage Table S1 for primer sequences). Amplification was performed in a PTC-0200-cycler (BioRad). PCR products were separated by agarose gel electrophoresis and visualized by GelGreen (Biotium, Inc.). DNA was purified with ExoSAP-IT reagent (Thermo Fisher) and sequenced using Big dye 3.1 reagents (Applied Biosystems) in the central sequencing laboratory of the Robert Koch-Institute. Sequence analysis was conducted with Geneious 6.1.6 software (Biomatters).
DNA samples were analysed by a published qPCR protocol using Maxima Probe qPCR master mix (Thermo Fisher) and 3 µl of the extracted DNA (Verweij et al., 2004) in a Mx3000P Cycler (Stratagene).
| Statistical analysis
Data were organized in a spreadsheet and then imported into statistic software SPSS ® Version 21 (IBM). Proportions were calculated and analysed for binomial exact confidence interval (95% CI). The median, minimum and maximum values were included in the calculation. Due to the low sample number, we have decided not to carry out any further statistical analysis.
| RE SULTS
Altogether, 714 small animal holders were asked for their willingness to participate in the study and to provide faecal samples of themselves and other household members along with samples from the small animal living in the same household. Table 2 ).
| D ISCUSS I ON
As only a few European studies have determined previously the zoonotic potential of companion animals to transmit Giardia infections (Lalle et al., 2005; Marangi et al., 2010) , we performed a cross-sectional pilot study to investigate G. duodenalis assemblages in households with pets in Berlin/Brandenburg (Germany).
The Giardia positivity rates in dogs in our study was in the upper range of results reported in other German studies using similar methods where prevalence rates of 2%-30% (dogs) and 1%-25% (cats) were described (Barutzki & Schaper, 2011; Becker et al., 2012; Pallant, Barutzki, Schaper, & Thompson, 2015; Sommer, Rupp, Pietsch, Kaspar, & Beelitz, 2018) . For humans, no cross-sectional study in Germany exists but the Giardia positivity rate of approximately 4% reported in our study is in good concordance with expected values (Caccio & Sprong, 2011) . A major limitation of our study is the low number of samples obtained for testing, which was mainly attributed to the unwillingness of human participants to provide their own faecal samples. Due to this low sample size a meaningful conclusion regarding signalment, residence, gastrointestinal signs and outdoor access could not be drawn.
Sequence typing was successful in only 6/13 canine samples, although an effort was made to type at four different marker genes. Expectedly, the most successful PCR method in the present study was at the multicopy SSUrDNA gene locus compared to the typing attempts at the singly gene copy loci tpi, bg and gdh as reported previously (Adell-Aledon et al., 2018; Gil et al., 2017) . Low parasite numbers in the analysed faecal samples likely contributed to this low typing success. Detection of subassemblages, especially of assemblage A, could be problematic with gdh, tpi and bg genes due to the low variability of those genes, too (Ankarklev et al., 2018; Ankarklev, Svard, & Lebbad, 2012) . Therefore, high-resolution multilocus sequence typing as published recently should be performed in future for a better estimation of the zoonotic potential of Giardia (Ankarklev et al., 2018) . Additionally, recombination processes could also lead to a reduced sensitivity of PCR analysis (Andersson, 2012) .
For the initial screening of animal samples, a copro-antigen ELISA was used and it is known that the concentration of the excreted antigen does not correlate with the numbers of cysts in the sample (Rosoff et al., 1989) . This was previously confirmed by a German study where only 90.4% of the ELISA-positive-tested canine and 76.9% feline samples showed cysts by IFA (Sommer et al., 2018) .
Additionally, low cyst numbers are typically seen in dogs (Adams, Monis, Elliot, & Thompson, 2004; Tangtrongsup & Scorza, 2010 ) and contribute to the fact that Giardia samples from dogs are particularly difficult to type (Caccio & Ryan, 2008; Palmer et al., 2008; Read et al., 2004) .
Nevertheless, we detected canine samples with potentially human-pathogenic assemblages AI and B, which corresponds to previous studies (Berrilli et al., 2012; Colli et al., 2015; Lalle et al., 2005; Marangi et al., 2010; Souza et al., 2007) . In addition, three of the (asymptomatic) humans tested positive and two of these humans owned dogs, which were also Giardia-positive. In one of these dogs, the assemblage was successfully determined at one single a Altogether, 38 households with respective human and animal samples could be analysed. Of these, 31 lived with a dog and 7 with a cat. The median age of the humans was 40.5 years (range: 0.8-73.0 years, 95% CI, 35%-44%), of the dogs 1.75 years (range: 0.3-14.0 years, 95% CI, 2.5%-5.5%) and of the cats 3.0 years (range: 0.6-13.3 years, 95% CI, 0.9%-6.8%).
c One cat had contact to a dog with outdoor access.
or vice versa-could not be drawn from the current data. Moreover, the dog was apparently co-infected with assemblage A, which also hampered the sequence analysis.
Notably, it remains difficult to determine unambiguously a particular sequence type of G. duodenalis, specifically for assemblage B. This is due to high genome copy numbers (4-8n in trophozoites, 16n in cysts) and high sequence heterogeneity in assemblage B, which makes the interpretation of sequence results difficult (Feng & Xiao, 2011; Ryan & Caccio, 2013) . This occurs in particular, when only one marker gene is available for analysis or when underlying co-infections with different assemblages hamper the analysis as shown in the present study. In fact, the analysis of single trophozoites from the axenic culture of an assemblage B isolate (GS isolate) revealed allelic sequence heterogeneity (ASH) and further analysis of single cysts of assemblage B type infections suggested mixed infections with subassemblage types (Ankarklev et al., 2012) . Moreover, possible recombination events in Giardia may also contribute to ASH that could hamper typing efficiency (Andersson, 2012; Ankarklev et al., 2018 Ankarklev et al., , 2012 al., 2010), but it also shows that advanced molecular tools are necessary to trace strains unambiguously to deduce a definitive conclusion. Thus, future studies should focus on the establishment of more efficient typing strategies for those difficult-to-type samples including possibly more advanced MLST methods as recently introduced for assemblage A (Ankarklev et al., 2018) , or whole-genome sequencing-based analysis on enriched or single cysts as shown for Cryptosporidium spp. (Troell et al., 2016) .
Based on our data and that of other studies, we conclude that the overall impact of zoonotic transmission from small animals (dogs, cats) to/from humans is probably negligible, but cannot be generally excluded . Previous studies have also highlighted that low cyst shedding rate of pets reduces the infection risk of humans (Bouzid, Halai, Jeffreys, & Hunter, 2015) and that other infection sources like travelling abroad or consumption of human faecal matter contaminated water are more relevant risk factors (Cook et al., 2007; Espelage, an der Heiden, Stark, & Alpers, 2010) .
It was unexpected to find a possible correlation between matched animal-human samples in our setting due to the low sample size and pilot character of the study. However, the occurrence of the same G. duodenalis assemblage type in one human-animal pair argues for the necessity to perform well-designed case-control studies that include appropriate molecular typing in order to estimate the realand probably low-impact of zoonotic transmission of G. duodenalis in developed countries (Hunter & Thompson, 2005) .
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